Asphalt mixture is more complicated than other composite materials in terms of the higher volume fraction of aggregate particles and the viscoelastic property of asphalt matrix, which obviously affect the applicabilities of the micromechanical models. The applicabilities of five micromechanical models were validated based on the shear modulus of the multiscale asphalt materials in this paper, including the asphalt mastic, mortar, and mixture scales. It is found that all of the five models are applicable for the mastic scale, but the prediction accuracies for mortar and mixture scales are poorer. For the mixture scale, all models tend to overestimate at the intermediate frequencies but show good agreement at low and high frequencies except for the Self-Consistent (SC) model. The Three-Phase Sphere (TPS) model is relatively better than others for the mortar scale. The applicability of all the existing micromechanical models is challenged due to the high particle volume fraction in the multiscale asphalt materials as well as the modulus mismatch between particles and matrix, especially at the lower frequencies (or higher temperatures). The particle interaction contributes more to the stiffening effect within higher fraction than 30%, and the prediction accuracy is then deteriorated. The higher the frequency (or the lower the temperature) is, the better the model applicability will be.
Introduction
Asphalt mixture is a kind of heterogeneous composite material, consisting of asphalt binder and mineral aggregates with different sizes. The traditional researches on the mechanical properties of asphalt mixture and its failure mechanism are mostly based on the continuum mechanics theory and the experimental method. However, the mechanical properties of asphalt mixture are closely related to the complicate internal structure, which is dependent on the various raw materials' properties, shapes, sizes, and proportions. The traditional analyzing methods fail to reveal the microstructure related failure mechanism of asphalt mixture, such as the formation and propagation of microcracks, the micro damage caused due to the heterogeneous material, and the local failures caused due to the stress concentration. Recently, researchers have realized the importance of the internal microstructure to the macromechanics properties, and the micromechanics theory of composites has been introduced to research the macromechanical properties from the meso-and microscale [1] [2] [3] [4] .
At the microscale, the asphalt mixture could be considered as a kind of heterogeneous multiphase composite which is composed of asphalt binder, aggregates, asphaltaggregate interphase, microcrack, and void. The homogenization approach of the heterogeneous material is a fundamental problem in the area of composite, which mainly involves the prediction of the effective modulus of the composite. Micromechanical modeling techniques have long been successfully used to predict the effective modulus from mechanical properties and volume fractions of individual constituents for composite materials such as metal and polymer matrix composites [5] [6] [7] [8] [9] . For asphalt mixture, the homogenization method could be applied to acquire the effective properties, like the effective modulus. However, compared with other composites, asphalt mixture exhibits some special characteristics both due to the complicated microstructure and mechanical properties of raw materials. Firstly, the aggregates 2 Advances in Materials Science and Engineering play the role of reinforcement phase in this composite, and its volume fraction is usually up to 80%, which is far higher than the reinforcement phase in other composite materials. Secondly, the aggregates in common asphalt mixtures are with various sizes from 0.075 mm up to 37.5 mm while the reinforcement phase is with a relatively uniform size in other composite materials. Well-graded aggregates obviously exhibit the size effect, which means aggregate with different size plays different role in this composite [10, 11] . Moreover, asphalt binder is a viscoelastic matrix of this composite material, which also affects the asphalt-aggregate interphase, and causes more difficulties to the applications of these micromechanical models [12, 13] .
Though considerable achievements have been made by previous researchers, few have involved the applicability of the existing micromechanical models on asphalt mixture. So, in this paper, the micromechanical models for composite materials were firstly introduced and evaluated. Then, these models were applied to predict the mechanical properties of asphalt materials from the multiscales and compared with the experiment results to validate the applicability of micromechanical models. In addition, the effects of particle volume fraction and modulus mismatch between reinforcement phase and matrix phase were also analyzed from the mastic scale.
Literature Review on the Micromechanical Models
Since Eshelby's pioneering work [14] on elastic solutions for an infinite medium including a single inclusion, a lot of micromechanical models have been developed in the past decades, including the Self-Consistent (SC) model, the MoriTanaka (M-T) model, the Generalized Self-Consistent (GSC) model, the Differential Scheme Effective Medium (DSEM) model, and the Three-Phase Sphere (TPS) model. In the SC model, any material point on the particles is isolated as an infinitesimal volume element. Then the rest of the material is homogenized as the uniform material, whose mechanical property is identical to the composite itself [5, 6, 12] . The effective bulk modulus and shear modulus of the SC model can be written as
where denotes the volume fraction of particles and , ; 0 , 0 ; and 1 , 1 represent the bulk modulus and shear modulus of effective medium, matrix, and particle, respectively.
The M-T model involves complicated manipulation of the field variables in Mori and Tanaka [7] . In this method, a particle is embedded into the matrix with a uniform strain same as the matrix's averaged strain, and the particle's averaged strain is derived from the solution for single particle embedded in the infinite matrix [12] . The effective bulk modulus and shear modulus can be expressed as
In the GSC model, the spherical particle is embedded in a concentric spherical shell of the matrix material. Shell and particle dimensions are chosen to correspond to the prescribed volume fraction, and the particle-shell assembly in turn is embedded in an infinite medium with unknown effective properties [15] . The solution for effective shear modulus is the solution of a quadratic equation
The expressions for , , and can be found in Christensen and Lo [8] . Shashidhar and Shenoy [16] provided a simplification form of the GSC model that is suitable for mastic. The effective bulk modulus is the same as the M-T model. By introducing the Differential Scheme Effective Medium theory into the micromechanics field, Mclaughlin [9] and Norris [17] successfully developed the differential method. In this method, the composite material is viewed as a sequence of dilute composites to which an increment of inclusions is added, as shown in Figure 1 . This method shows great potential in predicting the effective properties of composites with high particle volume fraction. Shu and Huang [18] and Kim and Buttlar [19] further derived new models suit for asphalt mixture, respectively, and only the latter is given in this research. The effective bulk modulus and shear modulus can be written as
To take the effect of particle size and aggregate gradation on the asphalt mixture modulus into consideration, Li et al. [20] proposed a two-layer built-in micromechanical model and derived an equation predicting the effective modulus of asphalt mixture at 2D situation. Shu and Huang [21, 22] extended this model to the 3D situation and investigated the dynamic modulus of asphalt mixture. The research here named this series of models the Three-Phase Sphere model and the schematic diagram is shown in Figure 2 . The estimate formula of the effective elastic modulus can be written as
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where
), = radius of the particle, − = thickness of the matrix, − = thickness of the surrounding equivalent medium, = radius of equivalent medium, and ], ] 0 , and ] 1 represent Poisson's ratio of effective medium, matrix, and particle, respectively; more details can be seen in Shu and Huang [21, 22] .
Those models were derived from elastic theory, but not limited to elastic materials, which could be extended to viscoelastic solutions based on the elastic-viscoelastic correspondence principle [23] . According to the correspondence principle, the effective complex modulus of the composite can be obtained by replacing the elastic modulus with its Carson transformation in the Laplace domain [23, 24] . For asphalt mixtures, the particle reinforcement phase (aggregate and void) can be considered elastic while the matrix phase (binder, mastic, mortar, and mixture) can be considered viscoelastic. By replacing the elastic, bulk, and shear modulus with their corresponding transformed form in (1) through (6), the predictive equations were finally established.
Multiscale Validations of the Micromechanical Models

Experiments of the Multiscale Asphalt Materials.
According to the research reported by Underwood and Kim [25] , the asphalt mixture is a multiscale composite material, and it [26, 27] . The multiscale compositions and the material properties are shown in Table 2 . The asphalt binder is a viscoelastic material, which makes the asphalt mastic, asphalt mortar, and asphalt mixture be the viscoelastic materials. So, to represent the effective properties for the multiscale materials, Dynamic Shear Rheometer (DSR) is used to measure the dynamic shear moduli of asphalt binder, mastic, and mortar, and Simple Performance Tester (SPT) is used to measure the axial dynamic modulus of asphalt mixture. Temperature and frequency sweep tests were applied to measure the dynamic modulus of the multiscale asphalt materials and the temperatures, frequencies, and loading mode for different tests are summarized in Table 3 [25].
It should be noted that the primary test results of the mixture are the axial dynamic modulus | * | and Poisson's ratio, which were further used to predict the mixture dynamic shear modulus | * |. More details about this process can be found in the literature [25] . The master curves were obtained at the reference temperature of 15 ∘ C according to
where | * | = dynamic shear modulus (Pa); = reduced frequency (rad/s); , , 0 , and = fitting parameters.
The test results and master curves for multiscale asphalt materials were shown in Figure 3 , and the fitting parameters of master curves were listed in Table 4 .
Multiscale Validation of the Model's Applicability.
According to finalized material parameters, the five micromechanical models were applied to predict the effective shear modulus of the multiscales asphalt materials, respectively. For the mastic scale, the binder is the matrix phase and the fillers are the particle phase. But for the mortar scale, the mastic is the matrix phase and there are two particle phases, which are fine aggregates and voids, so a two-step approach was applied. The fine aggregates were firstly added to the mastic matrix for prediction, and then voids were added to the fine aggregate-mastic composite. The voids were considered as special kinds of particles whose modulus was assumed as zero. The effective modulus prediction for asphalt mixture is similar to the mastic while the mortar is considered as the matrix phase and the coarse aggregate as the particle phase. All of the effective moduli were predicted at 10 frequencies (1.0×10 −5 to 1.0×10 5 rad/s) and compared with the measured values, as shown in Figures 4-6 .
From Figures 4-6 , it is found that the micromechanical models are with different applicability for the three-scale asphalt materials. For the mastic scale, all of the five models can well predict the effective modulus across the whole frequency range, but the prediction accuracies for mortar and mixture scales were poorer and the prediction accuracies of the five models exhibit difference. For the mixture scale, all five models tend to overestimate at the intermediate frequencies but show good agreement at low and high frequencies except for the SC model. For the mortar scale, the TPS model was relatively better than others, and the effective modulus was a little overestimated at the higher frequencies (or lower temperatures) while it was underestimated at the lower frequencies (or higher temperatures). The good agreements of different models observed at the mastic scale owe to the low particle volume fraction of fillers in mastic. The reason for this is that, at low particle concentrations, the microstructure of composite can better match the assumptions of different models [3] . Compared with the mortar scale, the prediction accuracy of mixture scale is better. This is because the effective modulus prediction of mixture scale is based on the measured value of asphalt mortar and the lower particle volume fraction of coarse aggregates while there are two particle phases (fine aggregates and voids) with higher volume fraction in asphalt mortar.
Due to those reasons, the deviation between the predicted and measured values increases sharply for the mortar scale, especially at lower frequency and higher temperature. Moreover, at lower frequency and higher temperature, the modulus of asphalt matrix becomes smaller and the modulus mismatch between the asphalt matrix and aggregate particles becomes bigger, which is the other important factor causing the deviation.
Effects of Particle Volume Fraction and Modulus Mismatch
Experiments of the Mastic-Scale Asphalt Materials.
As discussed above, the complicated compositions of multiscale asphalt mixture challenge the applicability of micromechanical models, which have been also demonstrated by Buttlar and Roque [10] , Li and Metcalf [11] , Li et al. [20] , and others. It is found that the higher particle volume fraction and the bigger modulus mismatch between particle and matrix were the two principle factors that deteriorate the applicability of the micromechanical models. For further validation and evaluation of the effects of these two factors on the applicability of the micromechanical models, the dynamic shear moduli of mastic with different filler volume fraction were collected from the report by Underwood and Kim [27] , and the master curves at the reference temperature of 15 ∘ C were obtained according to (1) . The test results and converted master curves of asphalt mastic were shown in Figure 7 , and the fitting parameters of master curves were listed in Table 3 . In Figure 7 and Table 5 , the MS denotes mastic, and the numbers following MS denote the filler volume fractions in percentage.
Stiffening Effects of Aggregate Particles.
Asphalt matrix is a kind of viscoelastic material, whose stiffness is much smaller than aggregate particle. When the aggregate particles are added to the asphalt matrix, the asphalt-aggregate composite system becomes stiffer due to the stiffening effect of the aggregate particle. The higher the aggregate particles volume fraction is, the stronger the effect will be. This stiffening effect could be represented by the modulus ratio of the composite to the asphalt matrix. Figure 8 illustrates the relations between 6 Advances in Materials Science and Engineering the modulus ratio and the filler volume fraction of asphalt mastic under three test frequencies (0.01, 10, and 50 Hz). It is found that the modulus ratio firstly linearly and then exponentially increases with the increasing filler volume fraction, and the modulus ratio at lower frequency is stronger for asphalt mastic with the same filler volume fraction. According to the researches by Faheem and Bahia [28, 29] , the stiffening effect of filler particles could be divided into two zones, which are the diluted and concentrated zones. Within the diluted zone, the filler volume fraction is small. The filler particles are uniformly suspended in the asphalt matrix and do not contact each other. In this case, the microstructure of asphalt mastic is well in accordance with the hypotheses of micromechanical models and the predictions of effective modulus should be good. However, the filler volume fraction increases to a high level within the concentrated zone, and the predictions accuracy will be deteriorated. The deviation maybe resulted from the ignored particle interaction. At a low filler volume fraction, the interactions between fillers are very limited and contribute little to the stiffening effect. As the filler volume fraction increases, the particle interaction contributes more to the stiffening effect.
It should be noted that the viscoelastic property of asphalt matrix also affects the prediction accuracy due to the modulus mismatch between the matrix and reinforcement particles. For the asphalt mastic with a fixed filler volume fraction, the smaller the modulus mismatch is at higher frequency or lower temperature, the better the prediction accuracy will be.
Effects of Particle Volume Fraction on the Prediction Accuracy.
The effects of filler volume fraction on the accuracy of different models were shown in Figure 9 and all comparisons were conducted at a fixed frequency, 10 rad/s. It is found that all models give a good prediction at low volume fraction of about 30%, and the SC model tends to overestimate while others tend to underestimate with the increasing volume fraction. The higher the fraction is, the greater the deviation will be. Relatively, the SC model and GSC model are more suitable at high particle fraction.
To give a quantitative comparison, the double logarithmic linear regression method was adopted for each model in Figure 9 with the double logarithmic equation expressed as
where | * predicted | = predicted modulus, | * measured | = measured modulus, = intercept, and = slope.
The fitting parameters are listed in Table 6 . The slope could be used as an index to evaluate the applicability of the models at high volume fraction, and the value of more approaching 1 means the better applicability. The same conclusion can be deduced as above based on the fitting results of the parameter . Obviously, the SC and GSC models are again proved to be more applicable.
Effects of Modulus Mismatch on the Prediction Accuracy.
Furthermore, the GSC model was selected to analyze the effect of modulus mismatch on the accuracies at different frequencies, as shown in Figure 10 . The relationship between measured values and GSC predicted values was analyzed in the double logarithmic linear regression, and regressions results are listed in Table 7 . Also, the parameter was used to evaluate the applicability of the GSC model at different frequencies. It is found that frequency (or temperature) significantly affects the accuracy of GSC model, especially within high particle volume fraction. The higher the frequency (or the lower the temperature) is, the better the model applicability will be. Though the other models are not analyzed, we think that the conclusions arrived at for GSC model are also suitable for other models.
Conclusions
There are so many micromechanical models for asphalt mixture, but the applicability is different due to the complicated compositions of asphalt mixture. In this paper, the applicability of some micromechanical models is validated from the collected and tested shear modulus of the multiscale asphalt materials, including the SC, GSC, M-T, DSEM, and TPS models. Conclusions could be obtained as follows.
(1) All of the five models are applicable for the mastic scale, but the prediction accuracies for mortar and mixture scales are poorer. For the mixture scale, all models tend to overestimate at the intermediate frequencies but show good agreement at low and high frequencies except for the SC model. The TPS model is relatively better than others for the mortar scale.
(2) The applicability of micromechanical models is challenged due to the high particle volume fraction in the multiscale asphalt materials. With the filler volume fraction lower than 30%, the filler particles could be uniformly suspended in the asphalt matrix and do not contact each other. However, the particle interaction contributes more to the stiffening effect within higher fraction, and the prediction is then deteriorated.
(3) Because asphalt matrix is viscoelastic materials and its modulus is smaller than aggregate particles, the modulus mismatch between matrix and particles also deteriorates the prediction accuracy, especially at the lower frequencies (or higher temperature). The higher the frequency (or the lower the temperature) is, the better the model applicability will be.
